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a  b  s  t  r  a  c  t
Despite  vast  knowledge  on the  behavioral  processes  mediating  the  development  of  episodic
memory, little  is  known  about  the  neural  mechanisms  underlying  these  changes.  We  used
event-related fMRI  to  examine  the  neural  correlates  of  both  encoding  and recall  processes
during  an  episodic  memory  task  in  two different  groups  of  school  age  children  (8–9 and
12–13 years).  The  memory  task  was  composed  of  an  encoding  phase  in  which  children
were  presented  with  a series  of unrelated  pictorial  pairs,  and  a  retrieval  phase  during  which
one of  these  items  acted  as a  cue to  prompt  recall  of the  paired  item.  Age-related  differ-
ences in  activations  were  observed  for  both  encoding  and  recall.  Younger  children  recruited
additional  regions  in  the  right  dorsolateral  prefrontal  and  right  temporal  cortex  compared
to older  children  during  successful  encoding  of  the  pairs.  During  successful  recall,  older
children recruited  additional  regions  in  the  left  ventrolateral  prefrontal  and  left  inferior
parietal  cortex  compared  to  younger  children.  The  results  suggest  that  the  prefrontal  cortex
contributes to  not  only  the  formation  of  memories  but  also  access  to  them,  and  this  con-
tribution  changes  with  development.  The  protracted  development  of  the  prefrontal  cortex
has implications  for our  understanding  of the  development  of episodic  memory.
© 2012 Elsevier Ltd. All rights reserved.. Introduction
Behavioral studies of memory in children have
evealed that episodic memory (i.e., conscious memory
or  personally experienced events within a particular
patial–temporal context, Tulving, 1985) continues to
evelop  into young adulthood, and is mediated by various
ehavioral factors (Schneider and Pressley, 1997). How-
ver,  little is known about the neural systems mediating
pisodic memory development. The advent of non-invasive
euroimaging has enabled researchers to investigate mem-
ry  processes in the healthy brain, resulting in extensive
esearch in adult populations. Remarkably, there is a dearth
f  studies on the typical development of neural systems
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ttp://dx.doi.org/10.1016/j.dcn.2012.07.001associated with episodic memory. In the present study, we
addressed  this gap in the literature by using fMRI to investi-
gate  age-related differences in the neural basis of encoding
and  recall in middle childhood.
Long-term  episodic memory processes include encod-
ing,  storage (and consolidation) and retrieval. Researchers
have debated which of these processes can account for
age-related variability to a greater extent. That is, is poor
memory performance due to encoding failure or retrieval
failure and does this change across development? Bauer
(2005, 2008) has argued that, with age, susceptibility to
storage  failure decreases, and “the locus of maximum
age-related variability in memory traces shifts from encod-
ing,  to consolidation, to storage and then to retrieval.”
There is evidence that encoding processes cannot explain
all  of the age-related variance because even with encod-
ing  controlled, age-related differences remain (Howe and
O’Sullivan, 1997). Thus, to better understand the sources
tal CognO.E. Güler, K.M. Thomas / Developmen
of age-related changes, it will be important to examine the
neural  correlates of memory during both the encoding and
retrieval  stages.
The  medial temporal lobes (MTL) and prefrontal cor-
tex  (PFC) have consistently been identiﬁed as playing a
critical  role in episodic memory function through animal
and  human lesion studies (e.g., Gershberg and Shimamura,
1995) and neuroimaging studies in adults (Blumenfeld and
Ranganath,  2007; Staresina and Davachi, 2006, but see
Henson, 2005, for a list of studies with null ﬁndings in
the  MTL  region). Current models suggest that certain PFC
regions,  speciﬁcally, ventrolateral (VLPFC) and dorsolat-
eral  (DLPFC) regions provide top-down inﬂuence on MTL
(which  binds contextual elements together) through orga-
nization  and elaboration processes during encoding, and
strategic  search and monitoring processes during retrieval
(Simons and Spiers, 2003).
Several  studies have documented that both the MTL  and
the  PFC undergo structural development through adoles-
cence.  Temporal lobe gray matter reaches its maximum
thickness at around 16 years of age (Giedd, 2004). The
volume of hippocampus, a medial temporal lobe struc-
ture,  increases with development (Durston et al., 2001;
Giedd et al., 1996), and the volume gains are speciﬁc to
the  posterior hippocampus (Gogtay et al., 2006). The pre-
frontal  cortex does not reach adult levels of structure or
function  until late adolescence (Casey et al., 2000). Giedd
(2004) found that frontal gray matter reaches maximum
thickness at around age 12, and that the latest cortical
gray matter loss occurs in dorsolateral prefrontal cortex
and  superior temporal gyrus. Even though there is exten-
sive  evidence for the structural maturation of both MTL
and  PFC, functional development of these regions and
their  role in episodic memory development need further
investigation.
One  paradigm widely used to examine neural correlates
of  successful encoding in adult populations is the subse-
quent  memory paradigm (Sanquist et al., 1980) in which
brain  activation during encoding is compared for items
later  remembered vs. later forgotten (Brewer et al., 1998;
Henson et al., 2005; Kirchhoff et al., 2000; Staresina and
Davachi, 2006; Wagner et al., 1998). A limited number of
studies  have utilized this paradigm in children, and the evi-
dence  for relative contribution of MTL  and PFC structures to
encoding  have been mixed. In Menon et al. (2005), the func-
tional  maturation of MTL  was evident through age-related
increases in connectivity of the left entorhinal cortex with
the  left dorsolateral PFC. There are also suggestions for the
functional development of hippocampus between age 8
years  and adulthood during encoding of contextual detail
(Ghetti  et al., 2010) and story encoding (Chiu et al., 2006).
Other  studies found support for the role of PFC matura-
tion in memory encoding (Chiu et al., 2006; McAuley et al.,
2007;  Ofen et al., 2007). In Ofen et al., activation during suc-
cessful  encoding increased with age in the right DLPFC but
not  MTL, which was interpreted by the authors as a dissoci-
ation  between these regions during development. In Maril
et  al. (2010), a subsequent memory effect observed in the
left  hippocampus declined with age in a group 7–19-year-
olds. Despite strong PFC activation, activity in this the PFC
was  not modulated by age.itive Neuroscience 3 (2013) 106– 116 107
There  is increasing evidence that relational process-
ing engages the hippocampus, the parahippocampal gyrus
(Davachi,  2006; Davachi and Dobbins, 2008; Davachi
et  al., 2003; Davachi and Wagner, 2002; Kirwan and
Stark, 2004; Prince et al., 2005), and dorsolateral PFC
(Blumenfeld and Ranganath, 2007; Murray and Ranganath,
2007) to a greater extent than memory for items. Even
though Ofen et al. (2007) used a scene encoding task and
Ghetti  et al. (2010) examined encoding for item–color
relations, no published study has looked at item–item
relations in children in the context of fMRI. Behavioral
studies suggest age-related improvements in relational
memory (Lloyd et al., 2009; Lorsbach and Reimer, 2005;
Sluzenski et al., 2006). In the present study, we  aimed
to  address whether MTL  involvement increases with age
when  the memory task requires forming item–item rela-
tions.
The  extant literature on children has focused almost
exclusively on neural correlates of encoding processes dur-
ing  development and relatively little is known about the
neural  correlates of retrieval in children. In adults, a recent
meta-analysis of retrieval identiﬁed left parietal regions
(inferior, superior, precuneus) and left frontal (inferior and
middle)  regions as being consistently activated (Spaniol
et  al., 2009). In children, there is currently only one pub-
lished  fMRI study of retrieval. In this study of correct and
false  recognition, parietal cortex was  recruited in 12-year-
olds  and adults but not in 8-year-olds, while regions in the
prefrontal  cortex were recruited by adults only (Paz-Alonso
et  al., 2008).
In  addition, neuroimaging studies with children have
all  made use of a recognition memory paradigm in which
participants decided whether the stimulus was previously
seen. Age-related improvements are more dramatic when
the  retrieval demand is in the form of recall as opposed to
recognition (Perlmutter and Lange, 1978). Neuroimaging
studies of recall in adults have revealed unique activation
patterns for later recalled compared to later recognized
items (Habib and Nyberg, 2007).
Our goals in the present study were to examine the neu-
ral  correlates of both relational encoding and recall in a
sample  of 8–9-year-old and 12–13-year-old children, using
a  pictorial paired associates test. We  focused on these two
age  subgroups because of continued and rapid develop-
ment of recall abilities across this age range (Schneider
and Pressley, 1997, pp. 238–264). Successful encoding was
examined by comparing brain activity during encoding for
pairs  that were subsequently recalled successfully versus
subsequently forgotten. To examine brain activation dur-
ing  cued-recall, one item of the pair was  presented as
a  cue and the children were asked to recall the paired
item. Brain activity for items successfully recalled was
compared with activity for forgotten items. Based on pre-
vious  research, we hypothesized that (1) during encoding,
stronger activations would be found for older children
in MTL  regions and in frontal regions involved in cog-
nitive control processes (e.g., VLPFC and DLPFC) and (2)
during  recall, stronger activations would be found for
older  children in parietal regions and in frontal regions
involved in cognitive control processes (e.g., VLPFC and
DLPFC).
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. Methods
.1. Participants
Fifteen 8–9-year-old (7 female; M = 8.73, SD = .33) and
fteen 12–13-year-old (7 female; M = 12.74, SD = .36)
ealthy typically developing children participated in the
xperiment. An additional 9 children were tested but
xcluded from analysis due to excessive head motion arti-
act  (over 3 mm,  n = 6 younger group; n = 1 older group) or
istortion in the images (n = 2). Participants were recruited
rom a participant pool of families who had expressed
nterest in research at the time of their child’s birth.
articipants were screened and excluded if any of the fol-
owing  conditions were present: a current or past history
f  neurological disorders or trauma, psychiatric disor-
ers  based on self and/or parental report, complicated
irth history including prematurity, abnormal develop-
ental history based on developmental milestones, history
f  developmental cognitive disorders including speciﬁc
earning disabilities, known intellectual impairment, or
ncorrected visual or auditory impairments. All partic-
pants also underwent MRI  safety screening for metal
mplants, braces, permanent retainers, tattoos and per-
anent makeup. Informed consent from the participants’
arents and written assent from the participants were
btained prior to the scanning session. Participants and
arents  were compensated for their time and effort with
30.
.2.  Behavioral task
Participants  performed a paired-associates picture-
emory task in the scanner (adapted from Habib and
yberg, 2007 paradigm with word pairs). Stimuli con-
isted  of a total of 80 pairs of color drawings of everyday
bjects such as a banana (Rossion and Pourtois, 2004; col-
red  versions of the Snodgrass & Vanderwart standardized
mage set; available at http://tarrlab.cnbc.cmu.edu/).  The
ask  included 4 runs, each of which consisted of encoding,
ilent recall and verbal recall phases (see Fig. 1). During
he  encoding phase of each run, 20 new pairs were pre-
ented consecutively. Presentation duration for each pair
as  4 s with an average of 2 s of ﬁxation between pairs
jittered between 1500 ms  and 2500 ms). Children were
nstructed to memorize the pairs using any strategy they
eemed appropriate, but were told that making a mean-
ngful connection between the items is often very helpful.
mmediately after the encoding phase, recall was  assessed
wice; once while brain images were being collected (silent
ecall)  and once post-scanning (verbal recall). During the
ilent  recall phase, the left item of each pair was  presented
or  4 s, followed by a variable ISI (average = 2 s). Children
ere asked to mentally recall the item with which it was
aired.  Because obtaining a verbal response was  not fea-
ible  during scanning, children were instructed to press a
utton  on a handheld MRI  compatible button response box
o  indicate whether they recalled the paired item. In the
erbal  recall phase that followed the silent recall phase of
ach  run, the scanning was stopped and the recall task was
dministered again while the child was still lying in theitive Neuroscience 3 (2013) 106– 116
scanner,  this time with a verbal response from the child
in  order to assess the veracity of their memories during
the  scanned recall phase. Participants were instructed to
verbally  state the second item in the pair. Children were
allowed a maximum of 6 s to respond, after which the next
item  was  presented. To ensure inter-observer agreement,
two  researchers recorded verbal responses from all par-
ticipants. The order of stimuli was  randomized for each
subject during the encoding and silent recall phases of the
task.  Prior to scanning, participants completed a practice
task  with a different set of stimuli (5 pairs) with all three
phases (encoding, silent recall and verbal recall) to ensure
that  they understood the task instructions.
Items were later classiﬁed as “remembered” or “for-
gotten.” Remembered (R) items were deﬁned as items for
which  the participant indicated recall with a button press
during  the silent recall phase and gave the correct response
during the verbal recall phase. Forgotten (F) items were
deﬁned as items for which the participants did not press
the  button during the silent recall phase and failed to give
a  response during the verbal recall phase.
2.3. Imaging data acquisition
Imaging  data were collected using a Siemens 3T Trio
scanner and 12-channel head coil. Functional images
were acquired using a gradient echo, echo-planar (EPI)
imaging sequence across the whole brain in slices
parallel to the AC-PC plane (T2*-weighted, 34 axial
slices, TR = 2000, TE = 28, ﬂip = 80◦, matrix = 64 × 64,
FOV = 200, slice thickness = 3 mm,  in-plane reso-
lution = 3.125 mm × 3.125 mm × 3 mm).  Two initial
pre-stimulus data points (2TRs or 4 s) were discarded.
A 6-TR ﬁxation baseline (a red cross on a black back-
ground) consisted of 2 TRs before the encoding period,
2  TRs between the encoding and recall phases, and
3TRs at the end of the recall phase. A total of 131 TRs
were collected over 4 min, 26 s. The entire sequence
(encoding, silent recall, and verbal recall) was repeated
4  times with 20 new picture pairs in each of the 4 runs.
High-resolution structural images were collected using
an  MPRAGE pulse sequence for purposes of anatomi-
cal localization of function (T1-weigthted, 240 sagittal
slices, TR = 2530, TE = 3.65, ﬂip = 7◦, matrix = 256 × 256,
FOV = 256, slice thickness = 1 mm,  in-plane resolu-
tion = 1 mm × 1 mm × 1 mm,  scan duration = 10 min,
49 s).
2.4.  Image processing
Imaging  data were analyzed using the BrainVoyager
QX (version: 2.0.8) software package (Brain Innovation,
Maastricht, The Netherlands). Functional data preprocess-
ing  included slice scan time correction using cubic spline
interpolation, linear trend removal, high-pass temporal
ﬁltering to remove low-frequency non-linear drifts of 2
or  fewer cycles per time course, spatial smoothing with
a  9 mm Gaussian kernel (full-width at half-maximum),
and three-dimensional motion correction. A canonical
two-gamma function was used to model the hemody-
namic response function (HRF). Participant’s data were not
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sentatioFig. 1. Schematic repre
included in the analysis if the head motion exceeded 3 mm
in  any one direction. Functional data were co-registered
to the anatomical volume and transformed into standard
Talairach space for comparison across individuals. Statisti-
cal  contrasts were performed using a general linear model
(GLM).  Only the trials that were classiﬁed as Remembered
(R) and Forgotten (F) were included in the analysis (see Sec-
tion  2.2 for description). Trials that were not categorized as
R  or F were not included in the model.
2.5. Image statistical analysis
Movement parameters obtained during the motion
correction process were included in the GLMs as nui-
sance covariates. Age group (8–9 years vs. 12–13 years)
was included in a second level to examine develop-
mental differences in the subsequent memory effect and
recall,  and t-tests were used to compare group means. All
analyses  included random effects modeling with a depen-
dent  variable of percent change in signal. Whole-brain
correction for multiple comparisons was accomplished
through cluster-size thresholding, which was calculated
using the BrainVoyager QX Cluster-level Statistical Thresh-
old  Estimator plug-in. In using this estimator, voxel-level
thresholded maps were then submitted to a Monte
Carlo simulation with 1000 iterations, which estimated
cluster-level false-positive rates and minimum cluster size
threshold  needed to yield this rate (Goebel et al., 2006).
2.5.1.  Overall task analysis
A  ﬁrst set of analyses examined task effects ignoring
age group. In this analysis of the entire sample (n = 30),
a  voxel-level threshold of p < .005 (uncorrected) was  used
with  a cluster-level correction threshold of p < .005 forn of the memory task.
each  contrast. As a result of Monte-Carlo simulations using
these  signiﬁcance thresholds, the minimum cluster size
was  set at 17 voxels (498 mm3) for the subsequent mem-
ory  (encoding) contrast, and 29 voxels (859 mm3) for the
recall  contrast.
2.5.2.  Age-group comparison analysis
A second set of analyses examined age-group dif-
ferences in activation during encoding and recall. A
voxel-level threshold of p < .005 (uncorrected) was  used.
However, this criterion yielded in no clusters that were
signiﬁcantly different between the two  age groups. We
then  conducted exploratory analyses with the more lib-
eral  voxel-level threshold of p < .05. Due to high structural
and functional variability in developmental populations, it
is  not uncommon to use a more lenient threshold when
conducting age group comparisons. Despite the more lib-
eral  initial threshold, a cluster-level correction threshold
of  p < .005 was still used to limit interpretation of non-
meaningful differences. As a result of the Monte-Carlo
simulations using these signiﬁcance thresholds, the min-
imum  cluster size was  set at 49 voxels (1436 mm3) for
the  subsequent memory (encoding) contrast, and 57 voxels
(1670  mm3) for the recall contrast.
2.5.3. Identifying anatomical labels for activation
Some of the task and age-group analyses resulted in
large  extended clusters that included multiple anatomical
regions. In these cases, to identify the anatomical regions
of  activation, the p value was made progressively more
stringent until separable peaks could be identiﬁed. The
anatomical region of each peak was  then identiﬁed accord-
ing  to Talairach coordinates. Voxels that fell within the
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ame anatomical region were considered to belong to the
ame  sub-cluster.
.  Results
.1. Behavioral results
The  mean percentage of trials on which the partici-
ants pressed the button during silent recall was 68.42
SD  = 15.07) for the older children and 47.5 (SD = 22.05)
or  the younger children. The mean percentage of trials
n  which the participants gave a verbal response during
erbal recall was 66.08 (SD = 15.82) for the older children
nd 46.92 (SD = 21.06) for the younger children. In order
o  verify that children were pressing the button during
ilent recall only for the items they remembered, we com-
ared  the number of times they pressed the button to the
umber  of items they verbally remembered. There was no
tatistically signiﬁcant discrepancy between silent recall
nd  verbal recall for either age group (ts(14) = .42, −1.55,
or  younger and older groups, respectively).
We conducted a 2 (gender: female, male) × 2 (age
roup: 8–9, 12–13) ANOVA on the percentage of items
orrectly verbally recalled across all runs. There was a sig-
iﬁcant  main effect of age group (F(1, 26) = 8.60, p = .007,
2
p = .25). Recall was higher in the 12–13-year-old group
M  = 65.66, SD = 16.10) than in the 8–9-year-old group
M = 45.33, SD = 21.10). There was no signiﬁcant main or
nteraction effect with gender.
The mean percentage of trials classiﬁed as Remembered
R) was 63.25 (SD = 16.34) for older children and 42.08
SD  = 22.20) for younger children. The mean percentage of
rials  classiﬁed as Forgotten (F) was 30.17 (SD = 15.18) for
lder  children and 50.17 (SD = 21.62) for younger children.
We  examined reaction time differences on remem-
ered (R) trials between the two age groups. Dur-
ng silent recall, older children responded signiﬁcantly
aster (M = 1888.6 ms,  SD = 238.76) than younger children
M  = 1462.13, SD = 164.93), t(28) = 5.69, p < .001. Impor-
antly, both age groups were responding early in the
esponse window, reducing the possibility that slower
eaction times were leading to poor detection of remem-
ered items.
.2.  Imaging results
.2.1.  Subsequent memory effect
Subsequent memory effects were examined by con-
rasting encoding activity for later remembered items to
ater  forgotten items across the whole sample. This contrast
R  > F) yielded extended activity across many regions of the
rain,  including parahippocampal and fusiform gyri, pari-
tal  and frontal regions (see Table 1 for list of all regions).
n addition, deactivations were observed in medial frontal
yrus/anterior cingulate, precuneus and posterior cingu-
ate.  In these regions, the deactivation to remembered
tems was greater than deactivation to forgotten items..2.2.  Developmental differences in subsequent memory
Group-level whole-brain GLM analyses indicated an
ffect  of age group in the right inferior temporal gyrus (BAitive Neuroscience 3 (2013) 106– 116
20),  right fusiform gyrus (BA 20) and right middle frontal
gyrus (BA 9/46) (see Table 2). Follow-up of this omnibus
effect revealed that the age group differences were driven
by  signiﬁcant memory-related effects in the 8–9 year-old
group only. That is, in these three regions, no signiﬁcant
difference between subsequently remembered versus sub-
sequently  forgotten pairs was found for the 12–13-year-old
children (right inferior temporal gyrus: t(14) = 1.82, p = .09;
right  fusiform gyrus: t(14) = 1.71, p = .11; right middle
frontal gyrus: t(14) = −1.17, p = .26).
In the 8–9-year-old group, a subsequent memory effect
(R  > F) was  observed in the dorsolateral PFC (BA 9/46:
t(14) = 3.64, p = .003). Further inspection of R and F means
in  this region revealed that the deactivation for forgotten
items was greater than the deactivation for remem-
bered items (see Fig. 2). In the remaining two  regions
(right inferior temporal and right fusiform cortices), a
reversed  subsequent memory effect was  observed such
that  there was  enhanced activity for subsequently forgot-
ten  compared to subsequently remembered pairs. Further
inspection of the means revealed that this reversed sub-
sequent memory effect resulted from signiﬁcantly greater
deactivation for subsequently remembered items com-
pared  to subsequently forgotten items (right inferior
temporal gyrus: t(14) = −2.97, p = .01; right fusiform gyrus:
t(14)  = −2.40, p = .03).
In order to examine whether these age group differences
were driven by differences in performance, we  matched
participants from the two age groups on the percent-
age of items correctly recalled. This matching procedure
resulted in n = 6 in each age group (for older children,
M = 62%, SD = 20; for younger children, M = 62%, SD = 30).
Using  this sample, we  then examined age group differences
in  the same 3 regions. In all regions except for the right
fusiform gyrus, the age group effect remained signiﬁcant
even after performance was  equated between groups (right
inferior  temporal gyrus: t(10) = −2.68, p = .02; right mid-
dle  frontal gyrus: t(10) = 2.88, p = .02; right fusiform gyrus:
t(10)  = −1.67, p = .13).
3.2.3. Successful recall
Successful  recall was  examined by contrasting brain
activity during recall for correctly recalled pairs vs. forgot-
ten  pairs across the whole sample. Activations associated
with successful recall were found in many different regions
of  the brain including anterior and posterior cingulate,
thalamus, hippocampus, and inferior parietal region (see
Table  3).
3.2.4.  Developmental differences in successful recall
Group-level whole-brain GLM analyses indicated an
effect  of age group in the right middle temporal gyrus (BA
37),  left inferior parietal lobule (BA 40), left middle/inferior
frontal gyrus (BA 46/47), anterior cingulate (BA 32), and
right  cerebellum (see Table 4).
In all of these regions, only the 12–13-year-old chil-
dren showed greater activity for correctly recalled versus
forgotten pairs (right BA 37: t(14) = 3.32, p = .005; left
BA  40: t(14) = 6.32, p = .00002; left BA 46/47: t(14) = 3.44,
p  = .004; left BA 32: t(14) = 3.02, p = .009; right cerebellum:
t(14) = 4.08, p = .001). Fig. 3 provides a depiction of this
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Table 1
Subsequent memory (successful encoding) activations across all participants.
Hemisphere BA Talairach coordinates Volume (mm3) Peak t value
X Y Z
Remembered > Forgotten
Postcentral gyrus Right 4/43 45 −16 40 2084 4.08
Extended cluster −24 −61 37 150,048 7.25
Precentral gyrus Left 6 −48 −1 37 2993 4.91
Middle frontal gyrus Left 9/46 −42 35 16 5618 4.46
Inferior frontal gyrus Left 44 −54 11 13 3895 4.62
Inferior parietal lobule Left 39 −24 −61 37 8807 7.25
Inferior parietal lobule Right 39 24 −58 34 7145 5.59
Parahippocampal gyrus Right 35/19 33 −46 −5 6050 4.76
Fusiform gyrus Left 36/37 −42 −44 −8 1843 5.50
Fusiform/inferior occipital gyrus Left 18 −33 −76 1 2855 6.13
Fusiform gyrus Right 36 27 −46 −17 2548 5.05
Fusiform gyrus Right 19 24 −76 1 3620 5.06
Cerebellum Left n/a −45 −61 −20 1992 5.84
Cerebellum Right n/a 30 −49 −20 1000 5.15
Forgotten > Remembered
Medial frontal gyrus/cingulate gyrusa Right 8/9/32 9 41 13 15,084 −5.94
Precuneusa Left 31 −6 −64 25 2163 −4.07
Posterior cingulate gyrusa Left 23/31 0 −25 34 917 −3.73
a Greater deactivation to remembered than forgotten.
Table 2
Age  group differences in brain activations during successful encoding (subsequent memory effect).
Hemisphere BA Talairach coordinates Volume (mm3) Peak t value Signiﬁcant SM effect
X Y Z
Inferior temporal gyrus Right 20 63 −13 −14 2833 −3.97 8–9 yrs.; F > R
Fusiform  gyrus Right 20 45 −22 −14 1467 −4.00 8–9 yrs.; F > R
Middle  frontal gyrus Right 9/46 15 20 31 4121 2.69 8–9 yrs.; R > F
tial vox
equent Notes: Age-group analyses were conducted with the more liberal ini
p  < .005 are included (determined by Monte Carlo simulation). SM = Subs
R  = Subsequently Remembered.
difference in the PFC region for 12–13 year olds. In contrast,
in  the 8–9-year-old group, none of these regions signiﬁ-
cantly differentiated between recalled and forgotten pairs
(right  BA 37: t(14) = 0.33, p = .75; left BA 40: t(14) = 1.02,
p  = .32; left BA 46/47: t(14) = −1.07, p = .30; left BA 32:
t(14) = 1.27, p = .23; right cerebellum: t(14) = .36, p = .72).
Fig. 2. Left: Age-related differences in subsequent memory activation in right PF
Average  contrast beta values for each age group for the right PFC ROI from the c
indicate  SEs. **p < .01.el threshold of p < .05. Only clusters reaching a size consistent with
Memory. 8–9 yrs. = 8–9-year-old group only. F = Subsequently Forgotten,
To examine whether these age group differences were
driven by performance differences, we  again compared our
subgroups  matched on recall performance (n = 6 in each
age  group). After matching for performance, signiﬁcant
age group effects remained in the right middle temporal
(t(10) = −2.93, p = .015), anterior cingulate (t(10) = −3.66,
C, p < .05, corrected. T value scale: 2.05–2.76; p-values: 0.05–0.01. Right:
ontrast Subsequently Remembered > Subsequently Forgotten. Error bars
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Table  3
Activations for successful recall across all participants.
Hemisphere BA  Talairach coordinates Volume (mm3) Peak t value
X Y Z
Remembered > Forgotten
Anterior cingulate gyrus Right 32 18 35 4 3937 6.49
Anterior cingulate gyrus Left 32 −18 32 1 1328 6.18
Caudate nucleus Left n/a −9 14 4 988 5.84
Lentiform nucleus Left n/a −21 2 −5  1859 5.75
Thalamus Left n/a −21  −22 16 1543 6.28
Hippocampus Left n/a −27 −10 −7 1331 5.18
Middle frontal gyrus Left 6 −3 −10 52 1816 5.52
Inferior parietal lobule Left 40 −42 −37 49 7055 6.64
Postcentral gyrus Left 1/2 −42 −19 49 5617 7.31
Posterior cingulate gyrus Left 31/23 −6 −40 34 6003 5.83
Cerebellum Right n/a 18 −49 −23 7538 5.67
Inferior temporal gyrus Left 37 −51 −49 −2 1519 4.89
Superior frontal gyrus Left 6 −15 14 49  1927 4.53
Precuneus Left 7 −6 −46 40 860 4.66
Table 4
Age  group differences in brain activations during successful recall.
Hemisphere BA Talairach coordinates Volume (mm3) Peak t value Signiﬁcant effect
X Y Z
Middle temporal gyrus Right 37 45 −58  19 2648 −2.47 12–13 yrs.; R > F
Inferior  parietal lobule Left 40 −57 −22 34 2707 −3.36 12–13 yrs.; R > F
Anterior  cingulate gyrusa Left 32 −6 38 −14 4327 −3.96 12–13 yrs.; R > F
Inferior/middle frontal gyrusa Left 46/47 −46 37 −6 1951 −3.37 12–13 yrs.; R > F
Cerebellum  Right n/a 23 −79 −38 2006 −3.40 12–13 yrs.; R > F
Notes: Age-group analyses were conducted with the more liberal initial voxel threshold of p < .05. Only clusters reaching a size consistent with p < .005 are
i r-old gr
p
p
4
r
a
g
F
R
included  (determined by Monte Carlo simulation). 12–13 yrs. = 12–13-yea
a Part of a larger cluster.
 = .004), the left middle/inferior frontal (t(10) = −3.67,
 = .004) regions.
. DiscussionThe goal of the present study was to examine age-
elated differences in the neural correlates of encoding
nd retrieval in middle childhood. We  compared two
roups of children ages 8–9 years and 12–13 years on a
ig. 3. Left: Age-related differences in recall activation in left PFC (indicated by red
ight:  Average contrast beta values for each age group for the left PFC ROI from
nterpretation  of the references to color in the ﬁgure caption, the reader is referreoup only. F = Forgotten, R = Recalled.
paired  associates memory task using fMRI. In this task,
children were instructed to remember item-item associ-
ations  in unrelated pictorial pairs. Brain activity during
both successful encoding and successful recall was exam-
ined.  Overall, children activated brain regions similar to
what  has previously been found with adults. There were
also  several differences between the younger and older
children in our study, which we  discuss in the next
sections.
 arrow), p < .05, corrected. T value scale: 2.05–3.67; p-values: 0.05–0.001.
 the contrast Recalled > Forgotten. Error bars indicate SEs. **p < .01. (For
d to the web  version of the article.)
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4.1. Encoding
Successful encoding was examined through the sub-
sequent memory effect by comparing brain activity
differences during encoding between later remembered
versus later forgotten pairs. In addition to regions com-
mon  to both age groups, the 8–9-year-old group activated
three additional regions that were sensitive to mem-
ory (recalled vs. forgotten) compared to 12–13-year-olds.
These regions included posterior sites and dorsolateral pre-
frontal  cortex. It has been posited that during successful
encoding, the DLPFC region supports organization of the
to-be-remembered information (Simons and Spiers, 2003).
More  recent evidence suggests that DLPFC has a special role
in  relational encoding (Blumenfeld and Ranganath, 2007).
A  DLPFC region in the left hemisphere was activated
during successful encoding in both age groups. However,
8–9-year-olds recruited an additional DLPFC region in the
right  hemisphere that differentiated between successful
versus unsuccessful encoding. Whereas the younger group
showed  enhanced activity in this region during success-
ful  encoding, 12–13-year-olds recruited it equally for later
remembered and later forgotten items. One interpretation
of these ﬁndings is that at younger ages, children need to
recruit  brain regions bilaterally, and with age and increased
efﬁciency of encoding, regions recruited to accomplish the
task  become more focalized. A general shift from diffuse
to  focal brain activation with development has been sug-
gested  by several other studies (see Durston and Casey,
2006, for a review and discussion).
These  ﬁndings regarding DLPFC function are not fully
consistent with previous literature on the development
of subsequent memory effects. In Ghetti et al. (2010), a
subsequent memory effect in right DLPFC did not differ
by  age, even though activity in this region was less in 8-
year-olds compared to older children and adults. In Ofen
et  al. (2007), the subsequent memory effect in bilateral PFC
increased  with age. However, the memory tasks used in
these  two studies were quite different from the one used
in  the present study, making direct comparisons more chal-
lenging.  Our task was an intentional memory task as was
the  task used in Ofen et al. (but not in Ghetti et al.) but
it  involved making elaborative associations between two
unrelated  items and thus is potentially more challenging
and cognitively demanding than encoding scenes (Ofen
et  al.) or items with their associated colors (Ghetti et al.).
It  is interesting to note that, for both trial types (later
remembered versus later forgotten), activity in the DLPFC
region  of interest fell below baseline for both age groups.
The  functional signiﬁcance of deactivations during memory
tasks  is currently not well understood. For older children,
there was greater deactivation for remembered compared
to  forgotten items in this region (although not signiﬁ-
cantly so), which is consistent with Daselaar et al. (2004),
whereas for 8–9-year-olds, forgotten items resulted in
greater  deactivation compared to remembered items. A
possible  interpretation of this ﬁnding is that the younger
children failed to deactivate sufﬁciently for remembered
items, resulting in unsuccessful encoding. Further research
is  needed to better understand the role of deactivations in
memory  processes in children.itive Neuroscience 3 (2013) 106– 116 113
Based on previous literature, we expected to ﬁnd a
subsequent memory effect in the hippocampus proper.
Instead we found extended activity in the surrounding
parahippocampal and fusiform regions in the whole sam-
ple.  Reviews of functional neuroimaging of memory have
shown  that MTL  is not always reliably activated; indeed,
many adult studies have failed to ﬁnd activations in hip-
pocampus proper (see Henson, 2005). In addition, we  did
not  ﬁnd age-related differences in the hippocampus. This
result  is consistent with Ofen et al. who found that activ-
ity  in MTL  regions did not increase with age, but is at
odds with Ghetti et al. who  reported increased activity
in  the hippocampus with age and Maril et al. (2010) who
reported decreased activity in the hippocampus with age.
The  memory tasks used and the age range of participants
differed across these studies, which may  explain the mixed
ﬁndings. For instance, in Maril et al., the age ranges were
7–14  years in the younger group and 15–19 years in the
older group, and did not examine potential age-related
differences within these groups. In Ghetti et al., four age
groups  (8-year-olds, 10–11-year-olds, 14-year-olds and
young  adults) were compared and a subsequent memory
effect was found in the hippocampus and the posterior
parahippocampal gyrus only in 14-year-olds and adults
when  the task involved the recollection of details. Thus,
it  is possible that we  would also see subsequent memory
effects in the MTL  with our task if older adolescents were
tested. Further research is needed to examine under what
task  conditions developmental changes in MTL  function are
most  evident.
4.2.  Recall
To  our knowledge, this is the ﬁrst study to report on
the  neural correlates of recall processes in typically devel-
oping  children and developmental differences between
middle childhood and preadolescence periods. Compared
to  recognition, recall processes are more effortful and tend
to  show a more protracted development (Perlmutter and
Lange,  1978). Only one published study (Paz-Alonso et al.,
2008)  has examined age-related differences in brain activ-
ity  associated with retrieval. These authors found greater
activity in parietal regions during a recognition task for
hits  compared to correct rejections in 12-year-olds and
adults,  but not in 8-year-olds. In the same study, frontal
regions (ventrolateral and dorsolateral prefrontal cortex)
were  recruited in adults but not in children during correct
recognition. However, in our study, prefrontal regions were
activated  during retrieval, which might be due to higher
cognitive demands associated with our recall memory task
compared  to the recognition task used in Paz-Alonso et al.
In  our data, the regions activated in common across
the two age groups are consistent with those reported in
adult  studies of retrieval (see Habib and Nyberg, 2007 for
a  similar task; see Spaniol et al., 2009, for a meta-analysis).
However, there were also age-related differences. Older
children showed enhanced activity during recall in ven-
trolateral and anterior prefrontal regions whereas younger
children did not. The speciﬁc roles of the subregions of PFC
in  memory processes are still being actively researched,
however, ventrolateral PFC activity during recollection is
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enerally attributed to speciﬁcation and elaboration of
etrieval  cues, which are then used for strategic search
f  stored representations and maintenance of retrieved
nformation online (Badre and Wagner, 2007; Dobbins and
an,  2006; Petrides, 2002; Simons and Spiers, 2003). Thus,
ctivations in PFC during retrieval seem to reﬂect cogni-
ive  control processes, which are known to develop with
ge  (Durston and Casey, 2006). In addition, older children
ecruited an anterior medial PFC region. This region has
een  attributed to attention to one’s own cognitive or affec-
ive  state (Simons et al., 2005). Although speculative at this
oint,  this difference might reﬂect increasing metamem-
ry abilities with age (Schneider, 2010) and merits further
nvestigation.
We  also found evidence for enhanced recall-related
ctivity in the parietal cortex (speciﬁcally, BA 40) for older
hildren. Recently, researchers have begun to pay more
ttention to the role parietal activations play in memory-
elated tasks. For instance, activity in the superior parietal
ortex has been attributed to top-down strategic search
rocesses, whereas activity in the inferior parietal cortex is
hought  to reﬂect bottom-up attention processes (Cabeza,
008; Ciaramelli et al., 2008). Thus, recruitment of the
arietal region in older children in our study could reﬂect
ge-related differences in efﬁciency and sophistication of
etrieval  strategies.
.3.  Limitations and future directions
Because the task used in the present study was an
ntentional memory task, it is possible that the brain acti-
ation  differences between the two age groups might
n  part reﬂect differences in memory strategy use. Task
nstructions included a suggestion to create a memorable
onnection between the items (elaboration) to beneﬁt later
ecall.  However, because we did not interview children
bout the types of strategies they used during this task, we
o  not know what percentage of children made use of the
laboration strategy. However, it is unlikely that all age-
elated variability is attributable to strategy use because,
s  reviewed in Pressley (1982), verbal elaboration strategy
se  does not show much developmental change after the
reschool years. In addition, instructions to use a verbal
laboration strategy beneﬁt all age groups, and there are
arge  individual differences within any age group (Pressley,
982).
Another limitation stems from the restrictions of MRI
echnology when collecting memory recall data. In contrast
o  recognition tests, during which participants indicate
sing a button-press whether or not they have seen the
timuli, tests of recall require a verbal response from the
articipant. However, it is challenging to collect high qual-
ty  brain images while the participants are speaking, and
o  hear verbal responses while the scanner is collect-
ng images. Therefore, we had to rely on self-report data
rom  the participant, which makes it impossible to verify
hether participants were actually remembering the asso-
iation  when they said that they were. However, strong
verlap between participant report of silent retrieval and
ubsequent correct verbal retrieval strongly eases concerns
egarding the validity of silent self-report data.itive Neuroscience 3 (2013) 106– 116
The present study employed a cross-sectional design in
which  we  compared two  samples of children from different
age  groups. However, a longitudinal approach is crucial in
order  to understand developmental changes in the contri-
bution  of brain regions to memory formation and retrieval.
Thus,  in future studies, the same participants should be
scanned at multiple ages to examine within-individual tra-
jectories  of change.
In  the present study, we  chose not to include an adult
age group, which could be viewed as a limitation. Our
choice to study only children was  motivated by two  pri-
mary  factors. First, equating task parameters for young
children and adults signiﬁcantly alters the demands of the
task  for children. For example, adults can typically remem-
ber  longer lists of items over longer delays. The subsequent
memory approach requires that sufﬁcient numbers of both
remembered and forgotten items are available for analysis.
However, equating task parameters for adults and children
likely  would yield a very low percentage of remembered
items in children and a similarly low percentage of forgot-
ten  items in adults. Task performance differences across
groups have been an important and controversial issue in
fMRI  research (see Church et al., 2010, for a discussion
of this issue). We chose to limit our age groups to those
in  whom who  could reasonably use identical task param-
eters.  Second, a large literature encompassing hundreds
of  studies has provided signiﬁcant information regarding
brain systems that are engaged during episodic memory in
adults.  Some of these studies are quite similar to the design
used  here with children (e.g., Habib and Nyberg, 2007)
reducing the relative utility of an adult sample. Despite
the potential interest in examining further developmen-
tal changes between early adolescence (12–13 years) and
adulthood, the focus of our interest was  on the age range
during which there is strong evidence for developmental
change in recall memory function. Additional age groups
will  undoubtedly help to further reﬁne these initial ﬁnd-
ings.
As  we  learn more about the brain regions important for
development of memory, it will also be important to con-
sider  connectivity between regions. Menon et al. (2005)
showed that functional connectivity between MTL  and PFC
regions  during encoding changes with age during child-
hood.  It will be important to examine whether age-related
changes in connectivity also play a role in retrieval pro-
cesses. Similarly, future research will be needed to examine
neural  correlates of individual differences in brain activa-
tion  patterns during successful remembering. Although we
found  strong age-related differences in the present study,
within-subject variability should not be ignored (Miller
et  al., 2002). Future research should examine functional
brain activation patterns associated with individual differ-
ence  factors within a given age group.
5. Conclusion
The contribution of this study is unique in its examina-
tion of both encoding and retrieval related functional brain
activity  in the same sample of children and its assessment
of recall as opposed to recognition processes. The results
of  the present study provide important insight into the
tal CognO.E. Güler, K.M. Thomas / Developmen
contribution of functional brain maturation to the develop-
ment  of episodic memory in typically developing children.
Our  results suggest that the protracted development of PFC
regions  might underlie developmental differences in recall
abilities.  Our ﬁndings regarding increased PFC contribu-
tion to memory retrieval with age provide further insight
into  one possible mechanism by which control of memory
increases with age and contributes to improved memory
abilities. Currently, very little is known about the devel-
opment of brain–behavior relations supporting episodic
memory, and thus further research in this area is neces-
sary  to understand the biological mechanisms underlying
this  ability which is not only crucial to everyday function-
ing  but also tends to be disrupted in many psychological
disorders, such as depression, PTSD and schizophrenia.
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